Toxicity of dichlorodiphenyltrichloroethane (DDT) to dopaminergic neurons in primary cell culture was investigated in the present study. Developing neurons from the substantia nigra of neonatal rats were cultured. After treatments with different concentrations of DDT (5-12.5 ÌM), specific cell death of tyrosine-hydroxylaseimmunoreactive dopaminergic neurons was observed in the culture by flow cytometric analysis. More than 60% of dopaminergic neurons were depleted after treatments with 10 and 12.5 ÌM of DDT. In addition, significant reductions of intensity levels of tyrosine hydroxylase immunofluorescence were observed in dopaminergic neurons after DDT treatments even at low concentrations of DDT. The present findings indicate that dopaminergic neurons are more susceptible to DDT toxicity than other types of neurons in the primary cell culture. Moreover, it is shown that the synthesis of dopamine in dopaminergic neurons is also depressed. Previous studies have demonstrated that perinatal exposure of DDT causes neurons to be more susceptible to neurotoxic damages in later adult life. The present findings thus provide evidence that dopaminergic neurons that are undergoing growth and development are targets of DDT neurotoxic effects. Exposure to DDT from contaminated environments is therefore a potential risk of onset of Parkinson's disease.
Introduction
p,p)-Dichlorodiphenyltrichloroethane (DDT) was a widely used pesticide and it has been banned in many developed countries since 1972 due to potential hazards to human health and the environment [1] . However, DDT is still produced and exported by some developing countries for the control of infectious diseases and other public health purposes [2] . A growing body of evidence has indicated that DDT and its metabolites are potent carcinogens and endocrine disruptors that can cause serious health problems in humans [1, 2] . DDT is a persistent Leung/Chan/Yung compound and is known to bio-accumulate in adipose tissues in animals [1, 2] . Different levels of accumulation in human tissues are found among human populations in the world and may still present a potential threat to human health [1] .
Parkinson's disease is a common human motor disorder that is caused by a specific degeneration of dopaminergic neurons in the substantia nigra of the basal ganglia [3] . A number of potential causes of Parkinson's disease including genetic, chemical and environmental factors have been suggested [4] [5] [6] [7] [8] [9] . The etiology of Parkinson's disease, however, remains largely unknown [4, 5] . Recent evidence indicates that exposure to environmental toxins such as pesticides may cause Parkinson's disease [6] [7] [8] .
Previous studies have already indicated that DDT has potent neurological effects and that exposure to DDT can cause onset of parkinsonian-like symptoms [10] [11] [12] [13] . DDT is known to induce tremor in animals [10, 11] and cause depletion in dopamine levels in the brain [12, 13] . Depletion of dopamine levels in the striatum in rats after DDT exposure is found to be similar to the effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, a well-known neurotoxin that can cause degeneration of dopaminergic neurons [14] . In addition, perinatal exposure to DDT has been found to result in an increase in susceptibility to damage of neurotoxins in adulthood [15] . This is important as exposure to DDT and other related toxins often occurs through breast milk feeding [1] . Moreover, early insults on neurons during embryonic and perinatal development are known to cause neuronal damages in later stages of life [16, 17] .
Despite these previous observations, the detailed neurotoxicological effects of DDT on dopaminergic neurons and whether exposure to DDT can induce a specific cell death of dopaminergic neurons in the brain remain unknown. The objectives of the present study were to investigate the effects of DDT exposure to neurons, in particular the dopaminergic neurons, in primary cell culture. Tyrosine hydroxylase (TH), a synthetic enzyme for dopamine, is a well-established marker for nigral dopaminergic neurons [18] . In the present study, immunoreactivity for TH was employed as a specific marker for nigral dopaminergic neurons. The percentage of cell death of the nigral cell culture as a whole was studied by cytotoxicity assay. The percentage of cell death of TH-positive dopaminergic neurons after DDT treatments was quantified by flow cytometry. In addition, levels of intensity of TH immunofluorescence in neurons treated with DDT were measured by image analysis.
Materials and Methods

Primary Cell Culture of Dopaminergic Neurons
In the present study, neonatal rats (postnatal day 1, SpragueDawley) were used. . The rats were sacrificed by decapitation and the brain region of the substantia nigra was dissected. Primary neuronal cultures were prepared in accordance with a previous study [19] with slight modifications. Briefly, the brain tissues were chopped using a razor blade in minimal essential medium (Gibco, BRL). The chopped tissues were then incubated in trypsin/EDTA solution with 1% penicillin-streptomycin (Gibco) and B27 supplement (Gibco) for 1 h at 37°C. Agitation of the medium was performed every 15 min. Single cell suspension was obtained by dissociation of the tissues in neurobasal medium with soybean trypsin inhibitor (Gibco) and DNase 1 (Boehringer Mannheim) for 30 min at 37°C. Cell pellets were obtained by centrifugation (1,200 rpm for 5 min). The pellets were washed and resuspended in culture medium (neurobasal medium, 1% penicillin-streptomycin, B27 supplement; Gibco, and 10% fetal bovine serum; Sigma). The neurons were then plated on poly-Dlysine-coated 6-well plastic plates or on glass coverslips. The cultures were maintained at 37°C in CO 2 incubator (5% CO 2 ). Cytosine arabinoside (10 ÌM, Fluka) was added to the culture 3 days after plating in order to inhibit the growth of glial cells [20] . DDT treatments on the cultures were conducted at 6 days in vitro (DIV).
DDT Treatments
Nigral neurons in culture at 6 DIV were treated with p,p'-DDT (ChemService Inc.) of different concentrations (0.1-12.5 ÌM ) in culture medium. The neurons were incubated in DDT solutions for 24 h at 37°C in CO 2 incubator (5% CO 2 ) prior to the following procedures.
Lethal Concentration 50 of DDT for Nigral Neurons
The lethal concentration 50 (LC50) of DDT for cultured nigral neurons was determined by the enzymatic activity of lactate dehydrogenase (LDH) in the culture medium using a commercially available cytotoxicity detection kit (cytotoxicity detection kit LDH, Roche Molecular Biochemicals). Protocols were employed in accordance with the supplier's information. The percentage of cell death was estimated by measuring the optical density of the tested samples using a spectrophotometer (iEMS analyzer, Labsystems).
Quantification of Dopaminergic Neurons in Nigral Cell Cultures
In nigral cell cultures without DDT treatment, neurons in suspension were fixed with fixative (4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4) for 20 min at room temperature. The cells were then pelleted by centrifugation at 1,200 rpm for 5 min, washed and resuspended in phosphate buffered saline (PBS) prior to immunofluorescence. Neurons were labeled to show TH immunoreactivity using commercially available antibodies (primary antibody: mouse monoclonal, 1:2,000 in PBS-Triton, Chemicon; secondary antibody: goat-antimouse IgG conjugated with Alexa 488, 1:100 in PBS-Triton, Molecular Probes). Flow cytometric analysis was performed using a FACScan flow cytometer (Becton-Dickinson) [21, 22] . During the analysis, 10,000 events were routinely collected. Flow cytometry was calibrated by counting 10,000 events without primary antibody with less than 5% of cells displaying a high level of fluorescence. In those immunostained cells, the number of TH-immunopositive cells was determined. The percentage of TH-positive dopaminergic neurons was obtained. Data were expressed as mean percentage B standard error of the mean (SEM).
Quantification of Cell Death of Dopaminergic Neurons after DDT Treatments
After DDT treatments (5, 10 and 12.5 ÌM ), the number of THpositive neurons in the nigral cell culture was also determined by flow cytometric analyses as described above. The percentage of dopaminergic neurons in the culture was then determined. Data were expressed as mean percentage B SEM. Statistical analysis of the treatments with different concentrations of DDT was performed by one-way ANOVA with Duncan's multiple range tests.
Determination of Intensity of TH Immunofluorescence after DDT Treatments
After DDT treatments, neurons were fixed in fixative (4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4) for 20 min at room temperature. Neurons were washed (3 ! PBS, pH 7.4) prior to immunofluorescence. TH immunoreactivity was revealed using the same commercially available antibodies as described previously [23] . Images of TH-positive neurons were captured under the same parameters in a fluorescence microscope. Levels of TH immunofluorescence were determined using an image-analyzing software (Metamorph, Universal Imaging) as described previously [23] . Intensity of TH immunofluorescence was averaged and expressed as means B SEM and statistical analyses were performed using one-way ANOVA with Duncan's multiple range tests.
Results
Development of Nigral Neurons in Primary Cell Culture
The size of the neuronal perikarya in cell culture was found to be increased during incubation in culture medium from 1 to 6 DIV ( fig. 1A-F) . The number of neurites was also seen to increase during development in cell culture ( fig. 1A-F) .
Effects of DDT Treatments on Total Nigral Neurons
The LC50 of DDT for nigral neurons in primary cell culture was determined as 12.8 ÌM by LDH assays. The number of neurons was seen to be reduced after different concentrations of DDT treatments ( fig. 2A-D) . A decrease in nigral neurons was found in cultures treated with 5 ÌM of DDT ( fig. 2B ). Fewer numbers of nigral neurons were seen in cultures with higher concentrations of DDT ( fig. 2C-D) .
Significant Reduction of TH-Positive Dopaminergic Neurons after DDT Treatments
Results of the flow cytometric analysis showed that there was differential cell death among the heterogeneous subpopulations of cells in the nigral primary cell culture ( fig. 3) . In control analyses where TH antibody was omitted, less than 5% of cells were found to exhibit a high level of fluorescence (fig. 3A) . These cells were presumed to display autofluorescence and this was treated as the background. In those cultures immunostained to reveal TH immunoreactivity, about 36% of TH-immunoreactive cells were found in the primary nigral culture ( fig. 3B, 4A ).
After treatment with 5 ÌM of DDT, the percentage of TH-positive dopaminergic neurons in the cell culture was reduced to around 29% ( fig. 3C, 4A ). However, it was not statistically significant ( fig. 4A ). After treatments with 10 and 12.5 ÌM of DDT, the percentage of TH-positive cells in the primary cell cultures was found to be significantly reduced to 18-16%, respectively ( fig. 3D-E, 4A ).
Statistical analysis also showed that 5 ÌM of DDT induced about 20% cell death of TH-positive dopaminergic cells in the cell culture ( fig. 4B ). An increased amount of DDT (10-12.5 mM) induced more than 60% cell death of TH-positive dopaminergic cells in the cultures (fig. 4B ). Significant differences were seen among the treatments in a dose-dependent manner ( fig. 4B ).
Significant Reduction of TH Immunofluorescence after DDT Treatments
Image analysis revealed that the intensity levels of TH immunofluorescence were also reduced after DDT treatments. Significant reduction of the level of fluorescence was found in cells treated with 5 ÌM of DDT ( fig. 5 ). Much lower levels of fluorescence were seen in cells treated with 10 and 12 ÌM of DDT ( fig. 5 ).
Discussion
The present results provide the novel and interesting observation that in vitro DDT treatments induce specific cell death of TH-positive dopaminergic neurons in primary cell culture. There is evidence that dopaminergic neurons during growth and development are targets of DDT toxic effects. These findings might also indicate that exposure to DDT may contribute to the onset of Parkinson's disease in humans.
The nigral primary cell culture is a heterogeneous culture. The present results indicate that around 36% of cells in the culture are found to be TH-positive dopaminergic neurons, which is consistent with a previous study [24] . Previous studies have long indicated that DDT can induce parkinsonian symptoms [10, 11] and modulation of dopamine release in the brain [11] [12] [13] . The present findings thus extend the previous findings and confirm that exposure to DDT induce specific cell death of dopaminergic neurons. One important point is that even at a low concentration of DDT (around 5 ÌM), there is already a 20% depletion of dopaminergic neurons. More than 60% of dopaminergic neurons are depleted at DDT concentrations (10-12.5 ÌM) that approach the LC50 value (12.8 ÌM). In the heterogeneous nigral cell culture as a whole, 12.8 ÌM of DDT induces only about 50% cell death. With respect to the dopaminergic neurons, more than 60% cell death is observed. This indicates that DDT has specific effects on dopaminergic neurons versus other neurons or related cells in the mixed primary cell culture. Parkinsonian patients will show clinical symptoms when 50% of dopaminergic neurons have degenerated in their substantia nigra [4] . It is worth noting that there is a considerable difference between the in vivo and in vitro conditions. However, the present findings thus imply that there is a close relationship between exposure to DDT and onset of Parkinson's disease.
Evidence has already indicated that an early exposure to toxins during embryonic development can be one of the factors that results in neuronal degeneration in later adult stages [16, 17] . Motor deficits are among those neurological diseases that are caused by early exposures to neurotoxins [16] . DDT is found to be one of those neurotoxins that are potentially harmful to neurons during growth and development [15, 25, 26] . Exposure of fetal and neonatal neurons to DDT and other neurotoxins may act through maternal routes, i.e., either by placental or milk feeding [1, 16, 17] . Our present findings thus imply that an early exposure to DDT may relate to the onset of Parkinson's disease in later stages of life.
Previous studies have found that the target sites of DDT in neurons are sodium channels in the cell membrane of axons [27] [28] [29] . The major actions of DDT are prolongation of the opening of the sodium channels that leads to overexcitation of neurons [27] [28] [29] , subsequently resulting in cell death of neurons. The present findings indicate that DDT at around 12.8 ÌM is able to cause a significant level of cell death of nigral neurons. The cause of cell death is likely due to the overexcitation mechanism mentioned above.
Interestingly, previous studies have also found that DDT depresses the phosphorylation efficiency of mitochondria in nonneuronal cells, which consequently leads to depression of mitochondrial respiratory functions [30, 31] . Recently, investigations have provided a crucial correlation between mitochondrial dysfunctions in dopaminergic neurons that is caused by exposure to insecticides and the onset of Parkinson's disease [5] [6] [7] . These lines of evidence match our present findings which indicate that DDT differentially induces a higher percentage of cell death in dopaminergic neurons. Our results thus provide evidence that dopaminergic neurons are more susceptible to DDT toxicity than other types of neurons. Importantly, our preliminary observations of DDT toxicity in other types of neurons, namely neurons from the striatum, indicate that striatal neurons in primary culture are less vulnerable to DDT toxicity than dopaminergic neurons [Leung and Yung, unpubl . results]. Exposure to DDT from a contaminated environment is therefore a realistic and potential risk for the onset of Parkinson's disease.
In addition, our findings also indicate that DDT induces a significant decrease in TH immunofluorescence in surviving dopaminergic neurons. Significant depletion of TH immunoreactivity occurs at a relatively low concentration of DDT (around 5 ÌM). As discussed above, this low concentration of DDT does not cause significant cell death in dopaminergic neurons. Depletion of TH immunoreactivity implies that there may be a reduction in dopamine synthesis in dopaminergic neurons during growth and development. Thus, DDT may cause a reduction in dopamine synthesis prior to toxic cell death of the dopaminergic neurons. These findings indicate that DDT can also affect the dopamine metabolism in dopaminergic neurons even at lower concentrations. The present findings therefore extend the previous observations that DDT depresses dopamine release [11] [12] [13] . However, the precise mechanisms of how DDT interacts with dopamine synthesis remain to be established.
In conclusion, the present findings demonstrate that DDT specifically depletes dopaminergic neurons in primary cell culture. This could lead to the onset of Parkinson's disease. Exposure to DDT from the environment, especially in early stages of neuronal growth and differentiation, is a potential risk factor for Parkinson's disease.
